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The influence of the mixed inert gas species for plasma oxidization process of a metallic Al layer
on the tunnel magnetoresistance ~TMR! was investigated for a magnetic tunnel junction
~MTJ!, Ta 50 Å/Cu 200 Å/Ta 200 Å/Ni– Fe 50 Å/Cu 50 Å/Mn75Ir25 100 Å/Co70Fe30 25 Å/Al– O/
Co70Fe30 25 Å/Ni– Fe 100 Å/Cu 200 Å/Ta 50 Å. Using Kr– O2 plasma, a 58.8% of TMR ratio was
obtained at room temperature after annealing the junction at 300 °C, while the achieved TMR ratio
of the MTJ fabricated with usual Ar– O2 plasma remained 48.6%. A faster oxidization rate of the Al
layer by using Kr– O2 plasma is a possible cause to prevent the over oxidization of the Al layer,
which depolarizes the surface of the underlaid ferromagnetic electrode, and to realize a large
magnetoresistance. © 2002 American Institute of Physics. @DOI: 10.1063/1.1475363#Since the discovery of a large tunnel magnetoresistance
~TMR! over 10% at room temperature,1,2 the magnetic tunnel
junction ~MTJ! has been a strong candidate for applications
such as a reproducing element of a hard disk head, and mag-
netic random access memories. A large TMR is one of the
most important properties for MTJs to apply them to possible
devices. Up to the present, MTJs with TMR in excess of
40% at room temperature have been demonstrated by several
groups in a Co–Fe/Al–O/Co–Fe system,3–7 and the maxi-
mum TMR reported is almost 50%.6,7 These MTJs with large
TMR are fabricated with a plasma oxidization process after
the deposition of an ultrathin metallic Al layer. This method
seems to be most favorable to provide a high quality tunnel
barrier among the various fabrication methods for the Al–O
layer. In the plasma oxidization process for MTJs, Ar and O2
molecule mixture gas is usually used. The experimental pa-
rameters, generally varied to optimize the oxidization condi-
tion for the metallic Al layer, are such as the mixing ratio of
Ar and O2 , the applied power to discharge plasma, and the
oxidization time. However, particular attention has not been
paid to the role of the inert gas. In the field of metal–oxide–
semiconductor fabrication, it is known that the electric prop-
erties of a thin gate insulating layer, fabricated by plasma
oxidization of Si, are strongly affected by the inert gases
mixed in the oxygen plasma. Kr as a mixed inert gas pro-
vides excellent electric properties of the gate oxidization
layer, such as lower interface trap density at the SiO2 /Si
interface, compared to the case in which Ar gas is used.8,9
Kr– O2 plasma also realizes a very uniform gate oxidation
layer even on a shallow trench isolation edge, since a homo-
geneous oxidization rate is obtained irrespective of the crys-
tallographic orientation of the Si surface.10,11
In the present study, we thus investigate the influence of
the inert gas species mixed in the plasma for oxidization of
metallic Al films on TMR of MTJs. One can expect the
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Al–O barrier, by using inert gases other than the normally
used Ar. Furthermore, we investigate the changes of the mag-
netotransport properties by a postthermal annealing proce-
dure.
Tunnel junctions with the structure of
sub / Ta 50 Å /Cu 200 Å / Ta 200 Å / Ni– Fe 50 Å / Cu 50 Å/
Mn75Ir25 100 Å / Co 70 Fe30 25 Å / Al – O / Co70Fe30 25 Å /
Ni– Fe 100 Å/Cu 200 Å/Ta 50 Å were prepared on ther-
mally oxidized Si wafers using a cluster tool constructed by
Tsukishima Kikai Co. Ltd. All the metallic films were depos-
ited by a dc magnetron sputtering method in the chamber
having the base pressure of 331029 Torr using highly puri-
fied ~9N! Ar gas. The barrier formation is performed by de-
positing a 15-Å-thick metallic Al film and subsequently oxi-
dizing it in the oxidization chamber having a radial line slot
antenna ~RLSA!12–14 for 2.45 GHz-microwave. The RLSA-
plasma source produces a high density (;1012 cm23) and
low electron temperature (;1 eV) plasma.15,16 The details of
this plasma oxidization technique are explained elsewhere.17
He, Ar, and Kr were used as the inert gases mixed with O2
molecule gas for the plasma oxidization, respectively. The
operating pressure of the mixed gas and the O2 content in it
were 1 Torr and 3%, respectively. The applied microwave
power density was 1.1 W/cm2. The oxidization time was
varied from 3.5 to 40 s. The junctions were patterned by
photolithography technique in normal area of 636 up to
60360 mm2. The transport measurements are performed
with a four-point probe method at room temperature. The
scaling of the resistance inversely with the area of the junc-
tion, the almost constant TMR regardless the size of the
junction, and the low sheet resistivity of the Cu electrode
exclude the possibility of geometrical enhancement of the
TMR.18 The thermal treatment consists of 30 min of con-
secutive vacuum annealing at each temperature, followed by
furnace field cooling ~1 kOe!.
Figure 1 shows the changes of the resistance-area prod-
ucts (R3A) of as-prepared junctions as a function of the
plasma oxidization time. In the cases of the junctions fabri-
cated with He– O2 and Kr– O2 plasma, R3A increases more5 © 2002 American Institute of Physics
o AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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Ar– O2 plasma, as the oxidization time increases. It means
that the mixing inert gas species affects the oxidization rate
of the metallic Al layer. Taking into account the highly effi-
cient generation of O(2p4)1D radical by using inert He or
Kr rather than Ar,9,19 one can see that the high oxidization
rate of metallic Al in He– O2 and Kr– O2 plasma are due to
O1D , which is known as a very active radical.
Figure 2 shows the changes of TMR, R3A , and barrier
characteristics of the MTJs as a function of the annealing
temperature (Ta). The data plotted at 120 °C correspond to
those for the as-prepared MTJs. The barrier height ~f! and
the barrier width (d) were obtained by fitting the current–
voltage curves with the Simmons model. The f and d are
plotted only in the annealing temperature range where the
barrier parameters for both the positive and the negative
branches of the current–voltage characteristics are not sig-
nificantly deviated. In the case of MTJs fabricated with
Ar– O2 plasma ~left-hand side column!, the as-prepared
samples show 15%–27% of TMR respective of the oxidiza-
tion time. The TMR increases to 35%–50% after annealing
up to 250 °C, then turns to decrease at above 250 °C, irre-
spective of the oxidization time. R3A , which is 53105 – 1
3107 V mm2 for the as-prepared samples with respective
FIG. 1. Resistance-area product of the as-prepared tunnel junctions, fabri-
cated with He– O2 , Kr– O2 , and Ar– O2 plasma, as a function of the plasma
oxidization time.Downloaded 17 Aug 2008 to 130.34.135.158. Redistribution subject toxidization time, monotonously decreases by a factor of
5–10, after annealing at 250 °C. These changes of TMR and
R3A roughly correspond to the changes of the barrier char-
acteristics. Namely, the barrier height increases from an ini-
tial level of 1.7–2.4 eV to 2.7–3.5 eV, and the barrier width
decreases from 11–15 Å to 9–11 Å, after annealing at
250 °C. This behavior is attributed to the change of oxygen
distribution in the barrier layer during the annealing process
as reported by several groups.20–23 An interesting feature that
should be pointed out here is the remarkable decrease of the
R3A value in coincidence with the decrease of the barrier
width. It is a peculiar feature of the present plasma source
and is advantageous in forming low resistance MTJs. Details
of this effect will be published elsewhere.17
In the cases of He– O2 ~center column! and Kr– O2 plas-
mas ~right-hand side column!, the MTJs fabricated with the
shortest oxidization times ~3.5 s for He– O2 and 8 s for
Kr– O2! show a similar behavior as in the Ar– O2 case, in
which a maximum TMR of almost 50% is obtained around
Ta5250 °C. However, the MTJs fabricated with longer oxi-
dization times show different behaviors. When the oxidiza-
tion time increases, the annealing temperature where the
TMR takes maximum shifts to the higher temperature and
the achieved TMR exceeds 50%. Related to this TMR behav-
ior, the barrier parameters for the respective oxidization time
show different trends in their changes against Ta . In general,
the barrier height increases with increasing Ta . However, as
the oxidization time increases, the annealing temperature at
which the barrier height starts to rise clearly shifts to a higher
temperature. This phenomenon seems to be caused by diffu-
sion controlled permeation of oxygen in the barrier layer
during the thermal annealing process. Namely, some amount
of oxygen in the barrier layer of the as-prepared samples may
loosely bond with Al atoms and migrate within the barrier
layer to form a more stable oxide having a large barrier
height, such as Al2O3 . The thicker the Al–O layer becomes,
as in the as-prepared state fabricated with longer oxidization
time, the greater the required activation energy for the oxy-
gen to diffuse across the barrier layer. Thus, the MTJs with
longer oxidization times need a higher temperature to formFIG. 2. Annealing temperature dependence of the TMR
ratio, resistance-area product (R3A), and effective
barrier height ~f! and width (d), for
Ta 50 Å / Cu 200 Å / Ta 200 Å/ Ni– Fe 50 Å/ Cu 50 Å/
Mn75Ir25 100 Å / Co70Fe30 25 Å / Al– O/ Co70Fe30 25 Å/
Ni– Fe 100 Å/Cu 200 Å/Ta 50 Å junctions, fabricated
with He– O2 , Kr– O2 , and Ar– O2 plasma, respectively.o AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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cases of He– O2 and Kr– O2 plasma, one can obtain a large
TMR in excess of 50% for MTJs fabricated with a longer
oxidization time after thermal annealing at 270 °C– 300 °C.
The maximum value of TMR in the present study is 58.8%,
obtained in the MTJ fabricated with 13 s oxidization time in
Kr– O2 plasma and annealed at Ta5300 °C. This is an ex-
tremely large value reported for a Co–Fe/Al–O/Co–Fe tun-
nel junction system.
In order to know the origin of the larger achievable TMR
for the cases of Kr– O2 and He– O2 compared with the case
of Ar– O2 , the maximum TMR of each case, fabricated with
various oxidation times and treated with the thermal anneal-
ing process, is plotted in Fig. 3 as a function of the corre-
sponding R3A value. A contrasted behavior of TMR is
found between the Ar– O2 case and the other two cases. The
TMR of MTJs fabricated with Ar– O2 plasma maintains a
value of about 48% when the R3A is less than 5
3105 V mm2, then decreases to 36% for R3A
5106 V mm2. On the other hand, for MTJs fabricated with
Kr– O2 or He– O2 , TMR in excess of 50% is obtained at R
3A;23105 V mm2 and still increases up to R3A
.106 V mm2. The cause of the decreasing TMR in a higher
resistance region, found for the Ar– O2 case, is generally
elucidated by the over oxidization mechanism.20,22,24
Namely, the oxidization condition is so strong that the sur-
face of the underlaid ferromagnetic layer is also oxidized and
results in the decreasing TMR owing to the reduction of the
polarization of the ferromagnetic electrode. However, the
MTJs fabricated with Kr– O2 or He– O2 show larger TMR
even though they have higher resistance than the over oxi-
dized MTJ with Ar– O2 . It means that the over oxidization
mechanism was not significant in these MTJs. This result can
be explained if we consider the difference of the oxidization
process of a metallic Al layer by using various mixing inert
FIG. 3. Plots of the maximum TMR ratio obtained during the annealing
process vs the corresponding resistance-area product, for the tunnel junction
oxidized with He– O2 , Kr– O2 , and Ar– O2 plasma, respectively.Downloaded 17 Aug 2008 to 130.34.135.158. Redistribution subject tgases. The oxygen will permeate to the underlayer surface
through the grain boundaries rather than the inner grain of
the metallic Al layer, because the diffusing mobility of oxy-
gen is generally larger at the grain boundaries than the inner
grain. Thus, the distribution of the oxygen in MTJs along the
film thickness direction will spread as the oxidization time
increases, and the underlaid ferromagnetic electrode surface
will be easily oxidized. Taking into account the oxidization
rate shown in Fig. 1, one says that a faster oxidization rate
for the Kr– O2 or He– O2 cases than the Ar– O2 case was
favorable to prevent the oxidization of the underlaid ferro-
magnetic electrode surface and resulted in the large TMR
even in the high resistance MTJs.
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